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ABSTRACT 8 
 9 
Raman spectroscopy has been used to characterise nine hydrotalcites prepared from 10 
aluminate and magnesium solutions (magnesium chloride and seawater). The 11 
aluminate hydrotalcites are proposed to have the following formula 12 
Mg6Al2(OH)16(CO32-).xH2O, Mg6Al2(OH)16(CO32-,SO42-).xH2O, and 13 
Mg6Al2(OH)16(SO42-).xH2O. The synthesis of these hydrotalcites using seawater 14 
results in the intercalation of sulfate anions into the hydrotalcite interlayer. The 15 
spectra have been used to assess the molecular assembly of the cations and anions in 16 
the hydrotalcite structures. The spectra have been conveniently subdivided into 17 
spectral features based upon the carbonate anion, the hydroxyl units and water units. 18 
This investigation has shown the ideal conditions to form hydrotalcite from aluminate 19 
solutions is at pH 14 using magnesium chloride. Changes in synthesis conditions 20 
resulted in the formation of impurity products aragonite, thenardite, and gypsum. 21 
 22 
 23 
 24 
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INTRODUCTION 28 
 29 
Hydrotalcites consist of stacked layers of metal cations (M2+ and M3+) similar to 30 
brucite-like structures. Substitution of divalent cations for trivalent ones, of similar 31 
radii, gives rise to positively charged layers.1,2 The general formula for these 32 
structures is: [M2+1-x M3+x(OH)2]x+Am-x/m·nH2O, where M2+ is a divalent cation, 33 
M3+ is a trivalent cation, and A an interlamellar anion with charge m-. Hydrotalcite 34 
phases exist for 0.2 ≤ x ≤ 0.33.3 The resultant positive charge, caused by the 35 
substitution of aluminium, is neutralised through the intercalation and adsorption 36 
of anions. Carbonate and sulfate have a high affinity for the hydrotalcite 37 
interlayer, which limits the removal of other anions from solution if present in 38 
high concentrations. 39 
 40 
The purification of Bayer refinery process streams through the addition of magnesium 41 
compounds can produce a variety of layered double hydroxides, one of which is 42 
hydrotalcite.4 For the full understanding of the formation of hydrotalcite produced 43 
under these conditions, hydrotalcites were synthesised in the laboratory using 44 
aluminate and magnesium solutions. Synthetic representatives of the hydrotalcites are 45 
required for the determination of the species that form. One of the aims of this 46 
investigation is establish conditions where only a hydrotalcite phase forms by the 47 
addition of different magnesium sources to an aluminate solution. 48 
 49 
EXPERIMENTAL 50 
 51 
Anhydrous sodium aluminate (NaAlO2) was used to prepare a 0.2 M solution of 52 
sodium aluminate (Na[Al(OH)4]). The pH of solution was decreased to pH 12 53 
using 0.1M hydrocholric acid (HCl). The aluminate hydrotalcites were prepared by 54 
a similar method as the co-precipitation method. Three magnesium solutions were 55 
prepared using AR grade chemicals: 1) 0.05M magnesium chloride hexahydrate 56 
(MgCl2.6H2O), 2) synthetic seawater (Table 1 has the masses and chemicals used), 57 
and 3) seawater collected from Inskip Point, QLD, Australia in 2008. The 58 
concentration of magnesium in synthetic seawater and seawater is approximately 59 
0.05M. The formation of the aluminate hydrotalcites involved the addition of one 60 
of the three magnesium solutions to the 0.2M aluminate solution at a rate of 0.5 61 
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mL/s. A white precipitate forms instantly and is stirred at 400 rpm for 2 hours. The 62 
precipitate was vacuum filtered and washed thoroughly with de-ionised water 63 
before being placed in an oven (85°C) overnight to dry. A summary of the 64 
aluminate hydrotalcites synthesised are given in Table 2. 65 
 66 
Characterisation of the precipitates included XRD, Raman spectrocopy, and 67 
infrared spectroscopy. X-Ray diffraction patterns were collected using a Philips 68 
X'pert wide angle X-Ray diffractometer, operating in step scan mode, with Cu K 69 
radiation (1.54052 Å). The Fourier Transform Raman spectroscopy (FT-Raman) 70 
analyses were performed on powder samples using a Perkin Elmer System 2000 71 
Fourier transform spectrometer equipped with a Raman accessory comprising a 72 
Spectron Laser Systems SL301 Nd:YAG laser operating at a wavelength of 1064 73 
nm. Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 74 
with a smart endurance single bounce diamond ATR cell. Spectra over the 4000-75 
525 cm-1 range were obtained by the co-addition of 128 scans with a resolution of 76 
4 cm-1 and a mirror velocity of 0.6329 m/s.  77 
 78 
Spectral manipulation such as baseline correction, smoothing, and normalisation 79 
was performed using the GRAMS® software package (Galactic Industries 80 
Corporation, Salem, NH, USA). For more information on the experimental and 81 
analysis techniques used, refer to previous work by the authors [6, 7]. 82 
 83 
The Raman differential scattering cross-section varies to the fourth power of the 84 
excitation in wavenumbers according to the formula: 85 
'o vib 4 ,  86 
where o is the wavenumber of the incident radiation and vib is the wavenumber of the 87 
vibrational mode.  With the relatively low wavenumber excitation (~9400 cm-1) of the 88 
Nd-YAG laser used in FT-Raman spectroscopy, bands with a large Raman shift such 89 
as the hydroxyl stretch will appear much less intense than in spectra obtained using 90 
visible excitation.   Another complicating factor is the dramatic decrease in the 91 
responsivity of the InGaAs detector, from relatively high to zero between 3500 and 92 
3800 cm-1, which leads to a corresponding decrease in the intensity of Raman bands 93 
4 
 
and also distorts the bands shape, particularly in the case of broad bands that occur in 94 
the region of detector roll-off. 95 
 96 
RESULTS AND DISCUSSION 97 
 98 
X-Ray Diffraction 99 
 100 
X-ray diffraction shows that poorly crystalline hydrotalcite structures formed, 101 
Figure 1. Bayerite (Al(OH)3) is a major inpurity product that formed, along with a 102 
number of minor phases such as aragonite (CaCO3), thénardite (Na2SO4), and 103 
gypsum (CaSO4·2H2O). The change in synthesis conditions resulted in different 104 
impurity phases forming for the nine aluminate hydrotalcites. The purest aluminate 105 
hydrotalcite is Alum 1, which was synthesised using MgCl2·6H2O at pH 14. Alum 106 
8 and 9 are the most disordered hydrotaclites that formed. Alum 7 was made using 107 
the same experimental conditions but with MgCl2·6H2O instead of seawter, the the 108 
XRD pattern appears to be much more crystalline than Alum 8 and 9. Similar 109 
trends are observed for the other aluminate hydrotalcites that are synthesised with 110 
either synthetic seawater or seawater (Inskip Point). It is suggested that a species 111 
in seawater causes a disordering effect on the hydrotalcite structure. 112 
 113 
Vibrational  spectroscopy 114 
 115 
Hydroxyl stretching and bending vibrations 116 
 117 
Raman and infrared spectroscopy 118 
 119 
The infrared and Raman spectra of aluminate hydrotalcites observed broad intense 120 
bands centred at around 3400 cm-1, Figure 2 and 3. The broad bands are attributed to 121 
the stretching modes of hydroxyl groups in the hydroxyl layers and water molecules 122 
associated with the hydrotalcite structure. Band component analysis was used to help 123 
identify the different hydroxyl species in the infrared spectra. Due to the reliability of 124 
the FT-Raman spectra at these wavenumbers band component fitting is not used. 125 
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Water hydroxyl stretching vibrations are intense in infrared spectroscopy because of 126 
the large change in dipole moment, whereas it is common for these bands to be absent 127 
in the Raman spectrum (~3000 cm-1). The bands at lower wavenumbers in the infrared 128 
spectra for the aluminate hydrotalcites are due to strongly hydrogen bonded water 129 
molecules to interlayer anions, such as carbonate and sulfate (predominately). Alum 8 130 
and 9 did not observe bands at around 3000 cm-1, therefore suggesting less carbonate 131 
anions are intercalated into these two aluminate hydrotalcites. Slight shifts in these 132 
lower wavenumber bands suggest that bonding of the intercalated anions varies for 133 
each aluminate hydrotalcite. The remaining bands in the infrared and Raman spectra 134 
are attributed to the O-H stretching vibrations of: 1) water coordinated to cations in 135 
the brucite-like layers (3200 to 3450 cm-1), 2) water hydrogen bonded to other water 136 
molecules in the hydrotalcite interlayer space (3400 to 3500 cm-1), and 3) water 137 
bonded to M3OH units (where M might be Mg or Al and any combinational 138 
permutation of these metals).  139 
 140 
The overall band profiles of the nine aluminate hydrotalcites vary. This variation is 141 
particularly noticeable for Alum 7, 8, and 9. These hydrotalcite structures have 142 
considerably more water OH stretching vibrations of water coordinated to cations in 143 
the brucite layers. This is clearly visible in the corresponding Raman spectra whereby 144 
the band at 3370 cm-1 has increased considerably compared to the other six aluminate 145 
hydrotalcites. The increased amount of water in the structure is proposed to be due to 146 
the larger volumes of magnesium that were used in the synthesis of these particular 147 
hydrotalcites. This increase in water content can also be observed in the infrared 148 
spectra (M3OH bands are overshadowed by the larger bands at 3300 cm-1).The 149 
hydrotalcites synthesised with a aluminate:magnesium volumetric ratio of 1:1 show 150 
distinctive M3OH bands at around 3600 and 3550 cm-1. These bands are due to the 151 
Mg-OH and Al-OH stretching vibrations, respectively. 152 
 153 
Carbonate vibrational region 154 
 155 
The Raman spectra in the 1200 to 900 cm-1 region show multiple bands at around 156 
1085 cm-1 attributed to the (CO32-) symmetric stretching vibrations, Figure 4. Four 157 
normal modes of free carbonate exist: the ν1 symmetric stretch of A1 symmetry 158 
normally observed at 1063 cm-1, the antisymmetric stretch of E’ observed at  159 
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1415 cm-1, the ν2 out of plane bend at 680 cm-1.5 All modes are Raman and 160 
infrared active except for the ν2 mode, which is infrared active only. The 161 
intercalation of carbonate anions into the hydrotalcite structure causes a shift 162 
towards lower wavenumbers, due to the interaction of carbonate with interlayer 163 
water molecules and/or hydroxyl groups from the brucite-like layer.  164 
 165 
A tetrahedral ion, such as sulfate, has four modes of vibration when it remains its full 166 
(Td) symmetry; these are the symmetric stretching ν1 mode observed at 983 cm-1, the 167 
ν2 bending mode at 450 cm-1, the ν3 mode at 1105 cm-1, and the ν4 mode at 611 cm-1.5 168 
The ν1 and ν2 modes are Raman active only, whereas the ν3 and ν4 modes are both 169 
infrared and Raman active.5   170 
 171 
Raman spectroscopy 172 
 173 
There are a number of similarities and differences in the Raman spectra of the nine 174 
aluminate hydrotalcites, Figure 5. X-ray diffraction patterns determined that all 175 
samples had a hydrotalcite phase. However, the Raman spectra of Alum 8 and 9 176 
between 1100 and 1000 cm-1, indicates that a carbonate hydrotalcite did not form 177 
(Mg6Al3(OH)16(CO32-)·xH2O). Hydrotalcite with intercalated carbonate anions 178 
generally observe a band at around 1060 cm-1 attributed to the ν1 stretch of 179 
carbonate.6,7 It is proposed that a sulfate hydrotalcite (Mg6Al3(OH)16(SO42-)·xH2O) 180 
predominately forms due to the substantial increase in sulfate anions compared to 181 
carbonate anions. This observation is reinforced by the absence (essentially) of a band 182 
in the infrared spectra of Alum 8 and 9 between 1300 and 1400 cm-1, Figure 5. The 183 
remaining hydrotalcites all show the intercalated carbonate band at 1060 cm-1. Alum 7 184 
displays a peak at 1059 cm-1 confirming the formation of hydrotalcite, however, it is a 185 
very low intensity peak. Alum 1, 4 and 7 are prepared from MgCl2·6H2O, and 186 
therefore do not exhibit bands associated with calcium and sulfate minerals such as 187 
aragonite (CaCO3) and thénardite (Na2SO4). It is observed that all other hydrotalcites 188 
synthesised from seawater display a large sulfate band (990 and 980 cm-1). However, 189 
unlike Alum 8 and 9, a carbonate band at 1060 cm-1 is also observed. Therefore, 190 
aluminate hydrotalcite synthesised with seawater using a volumetric ratio of 1:1, will 191 
form a hydrotalcite with both carbonate and sulfate anions intercalated into its 192 
structure. The presence of both carbonate and sulfate bands in the infrared spectra 193 
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reinforces that a mixed anion hydrotalcite forms. The only source of carbonate is from 194 
seawater and dissolved carbon dioxide (CO2), which is favoured at high pH.  195 
 196 
Due to the large amount of sulfate in seawater it is possible some other sulfate 197 
minerals formed, including thénardite (Na2SO4) and gypsum (CaSO4.2H2O). 198 
Thénardite exhibits bands at 990, 1100, 1130, and 1150 cm-1, while gypsum displays 199 
bands at 1010 and 1145 cm-1. It appears that thénardite forms for Alum 2, 3, 8 and 9, 200 
while gypsum forms for Alum 8 and 9. The Raman spectra of seawater hydrotalcites 201 
prepared at pH 12 (Alum 5 and 6) and pH 14 (2 and 3), indicates that thénardite 202 
formation occurs at high pH (1150, 1130, and 1101 cm-1), whilst aragonite forms in 203 
both pH regions (1085 cm-1). Thénardite also appears to form when sodium and 204 
sulfate ions are in excess. 205 
 206 
Infrared spectroscopy 207 
 208 
The infrared spectra of the aluminate hydrotalcites are provided in Figure 5. Minerals 209 
and hydrotalcites containing physically adsorbed water give strong water deformation 210 
modes at around 1640 cm-1. Increasing the volumetric ratio to 1:4.5 caused a shift of 211 
the water deformation mode to lower wavenumbers (1635, 1638, and 1631 cm-1). The 212 
presence of this band in the infrared spectra indicates that hydrotalcite structures have 213 
formed. The bands at 1555 and 1545 cm-1 for Alum 8 and 9 respectively, are believed 214 
to be due to the formation of gypsum. The bands at 1129 and 1089 cm-1 are assigned 215 
to gypsum and thenardite. They are the ν3 sulfate stretching modes. Alum 6 observed 216 
an infrared band at 1134 cm-1 proposed to be due to a small amount of thenardite 217 
formation, not observed by Raman. The absence of bands between 1400 and  218 
1300 cm-1 for Alum 8 and 9, confirms that very little carbonate is present in these 219 
hydrotalcites. This observation reinforces the theory that a sulfate hydrotalcite 220 
predominantly forms in large volumes of seawater (Alum 8 and 9). Alum 7 was 221 
prepared using MgCl2.6H2O (same volume as seawater) and it is clearly visible that 222 
carbonate has been intercalated into the hydrotalcite structure (bands at 1399 and 223 
1354 cm-1). In the Raman spectrum the carbonate stretching vibration is observed at 224 
1059 cm-1. 225 
 226 
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The antisymmetric stretch of carbonate is observed in the infrared spectra as broad 227 
band between 1400 and 1300 cm-1. These bands are attributed to different carbonate 228 
species in the precipitate. The bands are assigned to carbonate in aragonite, and two 229 
forms of carbonate in the hydrotalcite interlayer. The band at 1490 cm-1 is attributed 230 
to the ν3 mode of aragonite, 1403 cm-1 is assigned to carbonate bonded to water in the 231 
hydrotalcite interlayer, while the band at 1361 cm-1 is assigned to carbonate bonded to 232 
the hydroxyl surface of hydrotalcite. The ν1 mode of aragonite was observed in the 233 
Raman spectra at 1086 cm-1.234 
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CONCLUSIONS 235 
 236 
This investigation successfully synthesised hydrotalcite structures using aluminate 237 
solutions and a magnesium source (MgCl2·6H2O, synthetic seawater, or seawater from 238 
Inskip Point). The aluminate hydrotalcites have been characterised using XRD, 239 
Raman and infrared spectroscopy. A pure aluminate hydrotalcite formed when 240 
prepared using MgCl2·6H2O, pH 14, and an aluminate:MgCl2·6H2O volumetric ratio 241 
of 1:1. The synthesis of aluminate hydrotalcites with an aluminate:seawater 242 
volumetric ratio of 1:4.5 resulted in the intercalation of sulfate anions rather than 243 
carbonate anions. Aluminate hydrotalcites synthesised using MgCl2·6H2O show less 244 
contamination than those synthesised using seawater. Aluminate hydrotalcites 245 
prepared from seawater observed bands in the Raman and infrared spectra 246 
corresponding to aragonite, thenardite, and gypsum.  247 
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Tables 299 
 300 
Table 1: Masses and chemicals used to prepare synthetic seawater. 301 
Salt g/L of salt 
NaCl 23.926 
MgCl2·6H2O 10.83 
Na2SO4 4.008 
CaCl2·2H2O 1.519 
KCl 0.667 
NaHCO3 0.196 
KBr 0.098 
H3BO3 (boric acid) 0.026 
SrCl2·6H2O 0.024 
NaF 0.003 
 302 
Table 2: Experimental conditions used to prepare the nine aluminate hydrotaclites. 303 
Sample Name Experimental conditions 
Alum 1 100 mL of 0.2M NaAlO2 (pH 14) + 100mL of 0.05M MgCl2.6H2O 
Alum 2 100 mL of 0.2M NaAlO2 (pH 14) + 100mL of synthetic seawater 
Alum 3 100 mL of 0.2M NaAlO2 (pH 14) + 100mL of Inskip seawater 
Alum 4 
100 mL of 0.2M NaAlO2  
(pH 12 - lowered by HCl addition) + 100mL of 0.05M MgCl2.6H2O 
Alum 5 
100 mL of 0.2M NaAlO2  
(pH 12 - lowered by HCl addition) + 100mL synthetic seawater 
Alum 6 
100 mL of 0.2M NaAlO2  
(pH 12 - lowered by HCl addition) + 100mL of Inskip seawater 
Alum 7 
60 mL of 0.2M NaAlO2  
(pH 12 - lowered by HCl addition) + 270mL of 0.05M MgCl2.6H2O 
Alum 8 
60 mL of 0.2M NaAlO2  
(pH 12 - lowered by HCl addition) + 270mL of synthetic seawater 
Alum 9 
60 mL of 0.2M NaAlO2  
(pH 12 - lowered by HCl addition) + 270mL of Inskip seawater 
 304 
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Figures 305 
 306 
 307 
Figure 1: XRD patterns of aluminate hydrotalcites synthesised using different 308 
synthesis conditions. 309 
310 
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 311 
 312 
Figure 2: Infrared spectra of aluminate hydrotalcites in the hydroxyl stretching region. 313 
314 
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 315 
 316 
Figure 3: Raman spectra of aluminate hydrotalcites in the hydroxyl stretching region. 317 
318 
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 319 
 320 
Figure 4: Raman spectra of aluminate hydrotalcites in the carbonate stretching region. 321 
322 
17 
 
 323 
Figure 5: Infrared spectra of aluminate hydrotalcites in the carbonate stretching 324 
region. 325 
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